This paper illustrates the efficiency of vertical seismic profiling (VSP) for the investigation of dipping and hydraulically conductive structures affecting a granitic basement covered by sediments. A three-component (3C) VSP data set has been acquired in the GPK1 and EPS1 wells of the Soultz-sous-Forêts enhanced geothermal system (EGS) located within the Upper Rhine Graben (URG). Our study focuses on the isotropic processing of profiles acquired with vertical vibrator P and their subsequent interpretation. Mainly P-S converted reflections are identified from the analysis of the 3C records. These P-S conversions occur on steep permeable faults that are positioned in space by traveltime modelling. These faults cut the granite basement in several hectometric-scale blocks, and represent the main fluid paths between the boreholes. These faults are thought to be inherited from late Variscan and Alpine deformation periods, reactivated by the current stress field. When properly processed and interpreted, VSP allow the scale gap between surface and borehole data to be bridged.
I N T RO D U C T I O N
One of the main problems encountered in the exploitation of fractured reservoirs, especially in crystalline basements, is the lack of geological knowledge at the reservoir scale (Schutter 2003; Luthi 2005; Al-Ali et al. 2009 ). Surface geophysical techniques allow the investigation of the largest structures in a reservoir, but their restricted resolutions prevent their efficiency at lower scales. Coring and borehole imaging provide local and non-exhaustive structural data. Extrapolation of these small-scale fractures at reservoir scale is problematic. Linking borehole data and surface data is complex, but it is necessary to help understanding structural and hydraulic features of fractured media (Tirén et al. 1999; Hesthammer & Fossen 2003; Newman et al. 2008) .
In the framework of the industrial exploration of the Upper Rhine Graben (URG) for geothermal energy, several enhanced geothermal systems (EGS) are being developed at Soultz-sous-Forêts (Alsace), Landau (Rhineland-Pfalz) and Bruchsal (Baden-Württemberg). The Soultz-sous-Forêts site is located in the northeastern part of France * Now at: EIfER-European Institute for Energy Research, Emmy-NoetherStraße 11, 76131 Karlsruhe, Germany (Fig. 1a) . This geothermal pilot plant was initiated in the 1980s to develop an artificial heat exchanger in the deep crystalline rocks of the URG (Gérard et al. 1984; Gérard & Kappelmeyer 1987) . This area was selected because (i) a high geothermal gradient is located at the Soultz-sous-Forêts Horst; (ii) tectonic structure networks activated mainly in late Variscan times, tertiary extension and more recent strike-slip movements were supposed to affect the hot crystalline basement and (iii) the geology of the sedimentary cover is well-documented thanks to many decades of oil exploitation in the Merkwiller-Péchelbronn reservoirs.
The crystalline basement of the Rhine Graben area was formed by the collision of large Variscan domains (Eisbacher et al. 1989; Franke 2006; Édel & Schulmann 2009 ). Major thrusts and suture zones such as the Vittel-Lalaye-Lubine-Baden-Baden fault zone delimiting the Saxothuringian and the Moladanubian domains, and the Tepla Suture trend NE-SW to ENE-WSW (Fig. 1a) . A porphyritic granite intruded by an underlying 2-mica microgranite constitute the Soultz-sous-Forêts basement. They were emplaced in Carboniferous times at 334.0 +3.8/−3.5 Ma and 327 ±7 Ma, respectively (Cocherie et al. 2004) , during the transition between collision and collapse tectonics of the Variscan orogeny. The collapse occurred until Permian times, forming basins trending NE-SW to ENE-WSW (Ziegler et al. 2006) . Large brittle and ductile strike-slip faults mainly oriented NNE-SSW to ENE-WSW and NW-SE were activated more or less contemporaneously with the development of these basins (Arthaud & Matte 1975) .
Mesozoic evolution was quieter; a Liassic slight reactivation of NE-SW faults due to the break-up of Pangea is reported by Edel et al. (2007) . Major post-Variscan deformations occurred in the Tertiary, with compression tectonics forming Alpine orogenes and extensional regimes developed through Europe (European Cenozoic Rift System); the relations between these two processes are still debated (Ziegler 1992; Dèzes et al. 2004; Bourgeois et al. 2007) . The formation of the Rhine Graben is attributed to a polyphased history brought about by the Eocene N-S compression responsible for a slight localized subsidence, a main E-W extension phase in Rupelian and both transpressional and transtensional tectonics due to Chattian NE-SW compression, then turning NW-SE since the Oligo-Miocene transition (Villemin & Bergerat 1987; Schumacher 2002) . Major Oligocene normal faults controlling the deposition of sediments were submeridian. The reactivation of Palaeozoic trends is obvious, although the timing and role of families of faults are still under discussion (Schumacher 2002; Édel et al. 2007) .
At the present time, three deep geothermal wells reach 5000 m depth in the Soultz-sous-Forêts basement and allow access to temperatures of ca. 200
• C . A set of older and less deep wells is also available, such as GPK1 and EPS1, which are studied in this paper. In spite of the large amount of data acquired both at the surface and at depth, fault patterns and deep fluid flow paths within the granitic basement are still poorly understood:
(i) Drilling and logging data and subsequent hydraulic tests (Jupe et al. 1994; Genter et al. 1995; Jung et al. 1995; Evans et al. 2005a; Dezayes et al. 2010) showed that the main fluid inflows and outflows in the geothermal boreholes occur at depth levels where fractured zones are intersected. From this observation, numerous studies attempted to investigate the structural network in the vicinity of the wells. Borehole wall imaging resulted in the recognition of numerous highly dipping fractures. However, these methods provide local information and are not appropriate to investigate the orientation and extension of the fractures at the reservoir scale (see among others Dezayes 1995) . In addition, by comparing such fracture data and cores, Genter et al. (1997) showed that even in the best cases, only 50 per cent of fractures could be detected in the wells.
(ii) On a larger scale, seismic reflection ( Fig. 1b) and conventional processing of walkaway and vertical seismic profiling (VSP) are not able to delineate steep structures (Dylikowski 1985; Cautru 1989; Beauce et al. 1991) . Even the contact between the sediments and the basement is discontinuously imaged. P-and S-wave velocities and hodograms have been used to track velocity variations and S-mode wave splitting from VSP data acquired in 1993 in the GPK1 and EPS1 wells, before and after massive water injection. These techniques revealed mainly a heterogeneous structure in the deep part of the GPK1 borehole (∼3500 m) that may be related to a fault (Le Bégat et al. 1994) .
Between these two ranges of scales, only the analysis of microseismic activity recorded during hydraulic stimulations provided some information: the evolution of the seismicity in terms of location, time and signatures (Beauce et al. 1991; Evans et al. 2005b; Cuenot et al. 2006; Bourouis & Bernard 2007; Dorbath et al. 2009) or velocity anomalies by tomography (Jones 1993; Charléty et al. 2006 ) allowed researchers to recognize some decametric to kilometric fault zones in the vicinity of the wells. Although the structural control and the fluid involvement in microseismic processes is not clearly understood (Cornet et al. 1997; Kohl et al. 2006) , seismicity results are of major importance in gaining information about the extension and orientation of faults. Structural reservoir modelling benefits from microseismic clouds to extrapolate at the reservoir Mapping structures in a deep granite basement 247 scale the fault zones intersected by the boreholes (Sausse et al. 2010) . Thus, passive and active seismic studies are worth developing for structural geology applications at the reservoir scale.
In other crystalline basements, several reflection seismic studies showed good results for the investigation of gently dipping tectonic or petrographic structures in igneous rocks (Green & Mair 1983; Spencer et al. 1993; Milkereit et al. 1994; Juhlin 1995; Miao et al. 1995) . Such structures are not detected within the basement in Soultz-sous-Forêts on similar data (Fig. 1b) . Large steeply dipping reflectors have been depicted by seismic reflection on outcropping crystalline rocks (Juhlin et al. 2010) , but similar results cannot be expected in our case study due to the thickness of the sedimentary cover (∼1.5 km) and the required resolution (hectometric spacing of the faults).
Seismic surveys with specific geometries are better adapted to crystalline basements. A VSP is a field measurement procedure in which the seismic source is activated at a fixed surface position and the seismic signal is recorded by sensors located in a well at successive depth levels (Mari et al. 2003) . In this way, seismic events such as reflections or refractions generated by structures that may present a high dip value can be recorded and analysed for structural characterization. For example, 3-D fault mapping has been obtained by Emsley et al. (2007) in a fractured carbonate reservoir from the analysis of reflections on VSP data. Cosma et al. (2001) and Martí et al. (2006) produced similar delineations in crystalline settings. Both of these studies provide structural images at reservoir scale, but only some of the faults are believed to be detected owing to features not completely understood such as the thickness of the fault zones, the porosity distribution, the fluid content. Nevertheless, these convincing results encouraged the full processing of a three-component (3C) VSP data set acquired at the Soultz-sousForêts EGS, even if the crystalline geothermal reservoir is hidden by a thick (∼1400 m) sedimentary cover (Fig. 1b) . This paper illustrates some isotropic processing and interpretation methods of such 3C VSP data, targeting the 3-D mapping of steep faults affecting the granitic basement at the geothermal reservoir scale. In the following sections, all depth values are measured depths from well heads.
S TAT U S O F T H E V S P DATA U S E D I N T H I S S T U DY
In the early days of the Soultz-sous-Forêts EGS project, a first well called GPK1 was drilled in 1987 down to 2002 m, and deepened in 1992 down to 3590 m depth; in this vertical borehole, the granite is encountered at 1377 m. Another exploration well, called EPS1, was cored from 930 to 2227 m through the basis of the sedimentary cover and the top of granite reached at 1417 m. In its lower part, the deviation of the well is about 23
• , making drilling operations stop.
In 1993, a VSP survey was carried out in GPK1 and EPS1 to characterize the fracturation in the vicinity of these wells (Le Bégat et al. 1994) . The VSP data set was acquired in Vibroseis using an AMG VSP tool, type 'GEOLOCK-S (or SLIM)', with three orthogonal components (14 Hz geophone allowing substantial tilt). One of the geophones was vertically oriented, the others were horizontal. Data were loaded with a Geosource DSS10 recorder. A vertical vibrator was used to preferentially generate P waves (Fig. 2a) ; each run was recorded with two horizontal vibrators (in orthogonal positions), with at least one in an offset position from the well to allow the orientation of horizontal components of the VSP tool. The VSP data were already pre-processed and available in SEG-Y format (2 ms sampling rate, 4 s length). They consist of 3C traces oriented in geographical coordinates, with 40 levels per VSP set (2700-3480 m with 20 m spacing in GPK1 and 1790-2180 m with 10 m spacing in EPS1). This study focuses only on the profiles acquired with the P vibrators.
I S O T RO P I C C DATA P RO C E S S I N G
The direct arrivals recorded in GPK1 after pre-processing obtained from certain source positions are clearly disturbed by some other arrivals (Fig. 2b) . The processing detailed below and in Fig. 3 aims at extracting these secondary arrivals to attempt an imaging of potential structures within the granite.
3C processing requires that the three geophone components of seismic data are recorded by a borehole VSP tool insuring a reasonably isotropic mechanical coupling of the sensors to the borehole wall. Isotropic 3C processing indicates that the three component signals from any tool station are processed in the same way at the same time, through the whole processing sequence, so that the relative amplitudes of the desired events are preserved. The spatial polarizations of the seismic events remaining after processing are kept and can be accurately determined. The discrimination between P-and S-wave mode events is much more reliable when using isotropic 3C processing in comparison with single component processing. The isotropic 3C processing procedures can be time variant.
After editing and formatting the data, the processing consisted of an isotropic separation of the upgoing and downgoing wavefields by a parametric separation routine (Fig. 3) . Then, an isotropic deconvolution of the upgoing wavefield was performed using an operator derived from the downgoing P-wave estimate. This method yields a better precision to discern the different waves especially when they arrive close together in time. Filters have been applied postseparation and post-deconvolution; all filters applied are zero gain, zero phase weighted Ormsby bandpass filters. Finally, the P-wave direct arrival has been muted. This sequence has been applied to VSPs acquired in GPK1 and EPS1 with P source positioned in four sites at the surface (Fig. 2a) . Sources A3 and C3 are considered as zero-offset VSPs relative to GPK1 and EPS1, respectively; the two other locations (B2, D1) correspond to offset VSPs for the two wells. VSPs were acquired in four runs, thus several VSPs are available for some source locations. The processing sequence has been applied to nine of these VSPs.
Kirchhoff migration-assuming a pressure signal measured by a pressure sensor-was also tried on some data to help interpretation. Velocities were derived from zero offset records. The aim of such a processing is to replace in depth and distance the seismic events that are initially represented in depth and time. Fig. 4 presents the VSPs from GPK1 and EPS1 data sets after processing. Signals appearing more or less coherent through numerous depth levels are observed. Some arrivals such as PS1 and PS2-lowseg are partially blended with the P direct arrival, which has been muted. Thus, these events are linked to the presence of structures which are intersected by the well at the depth where the events arrive at the same time with the P direct arrival. Other arrivals (PS2-uppseg, PS3, PS4, PS5, PS6) occur much later than the P direct arrivals (Fig. 4) , thus they correspond to structures that are not encountered by the acquisition boreholes.
I N T E R P R E TAT I O N
In general in borehole seismic measurements, the signals from the horizontal components are known to be less reliable than the vertical one. Nevertheless, in this data set they may also be considered with confidence, because of the rather low noise level and the clear arrivals exhibited in particular using the S sources of the data set (not shown here). The seismic events PS1-PS6 appear clearly on the vertical component (Z) and are invisible on horizontal components (HE and HN, Fig. 4 ). This feature indicates that the energy of the waves is vertically polarized. These events arrive after the P direct wave such as shown in Fig. 2(b) , and before the S direct waves time-depth curves measured on S-source VSP data (not shown here). Thus, these arrivals cannot be direct waves from the source located at the surface down to the tool at depth; they are surely deviated by structures affecting the granite around the borehole. As a consequence, the rays representing their propagation cannot be vertical; they should exhibit low dip angles (Fig. 5) . Such a wave propagating in P mode would inevitably show a signal at least on one horizontal component (see dashed line in Fig. 5 ). As it is not the case, the observed arrivals are S waves, vertically polarized and propagating horizontally (continuous black line in Fig. 5 ). In addition, due to both the relative short arrival time of these S waves just after the P direct arrival and the much later S direct arrival, the events PS1-PS6 cannot be issued from S-S conversions. They are generated by P-S conversions occurring on structures located laterally in the vicinity of the wells (Fig. 5) . Other examples of interpretations based on polarity analysis are proposed in Appendix (Fig. A2 ).
In the example of the PS1 event (Fig. 4 , source A3 run1, Z component), the intersection between its supposed linear onset (violet line) and the onset of the P direct arrival (black dashed line) is located by a violet circle around 2860 m. In the same way, the PS2-low-seg (orange line) intersects the P direct arrival around 3500 m, out of the depth range of the records. Major fractured zones have been identified at these levels, in which dip values of small scale fractures range mainly from 50
• to 70
• . Assuming that the structures on which the P-S conversion occur are roughly planar and present a dip value of 60
• , and considering the velocities of P and S waves measured from the zero offset VSPs, the application of Snell-Descartes' law indicates that if a vertical downgoing P wave is converted to an S wave on this surface, the resulting S wave will propagate almost horizontally (Fig. 5 ). This confirms the P-S nature of the arrivals observed on the vertical components of the profiles, and indicates that the elastic mode conversion occurs by reflection. Fractured zones at 2860 and 3490 m presented large amounts of gas and natural brine when drilled (Aquilina & Brach 1995) , fluid outlets during hydraulic tests (Evans et al. 2005a; Sausse et al. 2006) , and tube waves when stimulated (Jones 1993) . P-S reflections, and also S-S reflections, are known to occur in crystalline massifs on fault zones concentrating fluids (Carr et al. 1996; Smithson et al. 2000; Rabbel et al. 2004) ; this similarity strengthens our interpretation.
The dip value of the faults where reflections occur can be computed with an approach such as presented in Fig. 5 . Unfortunately, as no clear signal is recorded by the horizontal geophones it is impossible to derive directly the azimuth of the reflected S-wave propagation. An application example of a depth migration has been performed using the S-wave velocity on the vertical component of the offset A3 run 2 recorded in GPK1 (compare Figs 4 and 6). Such a picture shows realistic lateral distance of the structures to the well, so that their dip value and their extension can be directly measured. Nevertheless, as the vertical component shows several arrivals without considering azimuth, the migration represents an 'azimuthal spatial stack' of all the arrivals. Thus, a migrated image cannot be considered as a vertical cross-section. Further developments are needed to derive the strike values of the reflectors to arrive at a comprehensible 3-D image. • dipping interface on which a P-S conversion occurs (a P-P reflection is represented although it is not observed in our case). Direct downgoing P wave is assumed to be vertical (depth scale is not respected, angles are respected). The velocity values are inferred from measurements on zero offset VSP.
T R AV E LT I M E M O D E L L I N G
For a given tool position in depth, the different sources at the surface do not illuminate the reflector at a same location, inferring differences in arrival times. Based on this principle, the geometrical characterization of the reflectors may be addressed by travelpath and traveltime modelling. Our approach thus consists of a comparison between the observed P-S traveltimes and the computed P-S traveltimes subjected to a reflection on a given reflector.
Modelling tool
Ray travelpaths geometry and associated traveltimes are computed using a Matlab R algorithm, allowing easy 3-D plotting. The program was written in our laboratories for the present purpose. The propagation media is divided into two parts representing the crystalline basement and its sedimentary cover (Fig. 7a) . Each part has its own P-and S-wave velocity values; their contact is a plane with a depth and orientation also defined by the user. Other parameters entered into the program are the source positions and the well trajectory providing the receiver stations. The 3-D trajectory of EPS1 has been considered due to its strong deviation with depth, whereas GPK1 has been supposed to be vertical and positioned at the centre of the logged interval in both easting and northing.
The program computes the geometry of the P direct and P-S reflected travelpaths by taking into account ray refraction at the sediment/basement contact and a reflection with P to S mode conversion occurring on the intrabasement reflector (Fig.7a) . Snell-Descartes' law is thus applied in these computations. The traveltimes are then computed by using the velocity values (Fig. 7c) .
If the reflector is intersected by the borehole, reflection event picking is positioned on a reliable signature (maximum amplitude or zero) (Fig. 4) . As the times of the picked phase are recorded later than the low amplitude onset of the signal, these values are shifted to make them intersect the P direct wave time-depth curve at the depth level where the fault is intersected by the borehole. If the intersection of the fault and the borehole does not occur within the depth interval of the VSP records, the picked traveltimes are shifted with a time value corresponding to a part or a full period of the signal, assuming a good similarity between the wave forms of the different P-S events. The imaginary intersection depth is assessed by linear downward prolongations of the direct P wave and the P-S reflected wave.
Knowing this depth, the routine is repeated for several orientations of the reflector in defined ranges of dip and dip direction values (Fig. 7a) . For each orientation, the residual between observed and computed traveltimes of the P-S reflection (Fig. 7c) is calculated for each trace from all the exploitable VSPs. Then, the average and the variance of these residuals are considered for each time-depth curves. These results may be plotted for each source in a 3-D surface (Fig. 7b) , or in an equivalent way by 2-D plot where sinusoid-shaped curves represent the couples (dip direction; dip) representing the lowest residuals (Figs A1, A3, A4 and A5). The residuals represented in a 3-D space (Fig. 7b) allow the identification of the minimal value that corresponds to the reflector presenting the best orientation to reproduce the observed traveltime curves.
Synthetic VSPs are plotted in time-depth domain to help the comparison with field data (Fig. 7c) . 3-D plots exhibiting the ray paths (Fig. 7a ) allow some parameters, such as the incidence angle of the P-S rays at the tool location, the area of the reflector illuminated by the seismic sources, to be estimated. 
Static corrections
The mean velocity values entered into the model described earlier have been determined from zero offset VSP data: the slope of the P direct arrival times depends on the P-wave velocity within the granite, and its global time shift depends on the P-wave velocity within the cover (Fig. 7c) . Nevertheless, these velocity values are not consistent between run 1 and run 2 provided by zero-offset VSPs (source A3 for GPK1, C3 for EPS1). These values do not accurately explain the P direct waves recorded on offset VSPs as well, especially regarding the P-wave value of the sediments. Thus, the modelling has been applied separately for runs 1 and 2 on the VSPs acquired from the four sources. As results, a total amount of six profiles is available in GPK1 (A3 run 1, A3 run 2, B2, C3 run 1, C3 run 2, D1) and three profiles in EPS1 (C3 run 1, C3 run 2, D1). For each source and each run, static corrections have been introduced so that the computed P waves direct arrivals fit the observed one (Fig. 7c) . Table 1 . List of reflectors detected by VSP, with orientations deduced from traveltime modelling. Positions of the reflectors in depth are given with respect to GPK1 well head by an imaginary downward vertical continuation of the well, or relatively to ESP1 well head along a vertical axis. Fault zones intersected by the wells are in grey. Three stars ( * * * ) mean a maximal confidence in the results (see in text for details). 
VSP

Results
The modelling has been applied to 14 arrivals depicted in Fig. 4 . Six clear arrivals have been selected in the GPK1 data because of their occurrence on the six profiles; the arrival PS2 and PS3 have been split into several segments (PS2-low-seg, PS2-upp-seg, PS3-lowseg, PS3-int-seg, PS3-upp-seg; Fig. 4 ). The upward prolongation of the PS2 arrival is erratically observed on the available profiles, for this reason only the lower part of this event is considered in this study (Fig. 4) . In a general way, the fit between the synthetic and the observed traveltimes are good. This fact shows that the hypothesis of the planarity of the reflectors is realistic at first order. The results of modelling are gathered in Table 1 . Vertical limits and widths of the illuminated areas are measured from 3-D representations such a those presented in Fig. 7a . Confidence in the results is qualitatively assessed on criteria that are: (i) the number of traces in which the event is recorded, (ii) clarity and continuity of the signal through several traces and (iii) occurrence of the event from different sources. The number of sources that illuminate the reflector is not taken into account. Thus, * * * in Table 1 indicates an optimum confidence and * a poor confidence. Discussion of the confidence of results is given in the Appendix. Traveltime modelling considering P-P reflections results in less steep reflectors. In these cases, the angle of incident rays at tool locations would imply the presence of seismic energy both on the vertical and horizontal components in a similar way as represented in Fig. 5 . As no energy is observed, P-S conversions on fault zones are confirmed. Some weaker arrivals are identified around 2960, 3090 and 3325 m. At these depth levels, alteration and fracture density are variable (Sausse et al. 2006) . Nevertheless, flow anomalies have been reported (e.g. Evans et al. 2005a) , and they are investigated in this study. For the same reasons, in EPS1, two weak arrivals (2070 and 2160 m) are considered because of flow signatures (Genter et al. 1995) , in addition to the three clear P-S arrivals. These minor arrivals present less clear seismic signals on vertical and, for some of them, on horizontal components. These particular cases require specific interpretations and modelling to derive their orientation. They are commented upon in the Appendix.
I M P ROV E M E N T O F T H E R E S E RV O I R M O D E L
The pre-existing 3-D structural model of the reservoir (Sausse et al. 2010) has been used to integrate the VSP results. Its structural elements are derived from geological data (Genter et al. 1995) , well logs (Dezayes 1995; Sausse & Genter 2005; Sausse et al. 2006; Dezayes et al. 2010) , microseismicity recordings (Cuenot et al. 2008; Dorbath et al. 2009 ). Some VSP results of the 1993 survey are already integrated in this model, but they are produced from a basic analysis of the arrivals: only dip values and extensions are measured. Strike values are taken from borehole imagery. As new VSP results from this paper consist in more precise positioning of the planes, including azimuth values, the structural model has been updated with the results of Table 1 .
The constitution of this static model aims at representing the 3-D network of faults cross-cut by the wells in the deep reservoir as realistically as possible. The gOcad R earth-modelling software environment (Paradigm TM , Earth Decision TM , Mallet 2002) is used to combine all 3-D data available. Then, a specific FractCar Plugin is dedicated to the modelling and visualization of 3-D fracture patterns and discrete fracture network (DFN) modelling (Macé et al. 2004; Macé 2006) . Fracture representation is carried out through a specific point set in which each element is assigned an attribute for the fracture plane orientation, defined by the normal vector n of the plane (in the dip-direction convention). The form of the fracture border is a disc or parallelepiped centered at a specific X Y true vertical depth sub sea (TVDSS) location. The fracture size (or extension) is fixed and tested for each fracture. The output of the DFN model is a synthetic 3-D set of elliptic planes populating a volume around the wells in the reservoir.
(i) Reflectors deduced from PS1 of GPK1 and PS4 of EPS1 arrivals present very similar orientations (Table 1) . 3-D geometrical representations of these reflectors illustrate that they are aligned in space (Fig. 8) . This may be taken as evidence for the delineation of a large fault illuminated by the two GPK1-and EPS1-independent VSP data sets. The resulting surface is represented in orange-red in Fig. 8 .
(ii) PS3-int-seg is aligned with a fault zone located at 3514 m in GPK2 (GPK2-FZ3514) ). Thus, they have been similarly linked (green surface, Fig. 8 ).
(iii) PS2-upp-seg oriented N256
• E 68
• (Table 1 ) may be correlated to the large fault zone GPK3-FZ4770 oriented N234
• E 71
• that is intersected both in GPK2 and GPK3 (Sausse et al. 2010) . The solution #1 regarding PS6 very approximately matches both in position and orientation the same large fault. Thus, the solution #2 is rejected. This fault is considered as the major one by Sausse et al. (2010) , especially on the basis of microseismic clouds (Weidler et al. 2002; Charléty et al. 2006; Dorbath et al. 2009 ). This work allows to detect the upward prolongation of this big fault, and to connect it to the flower-like structure depicted in seismic reflection data (Fig. 1b) . Thus, it is illustrated how a large fault (over 4 km in size) within a basement may be imaged by specific methods, whereas it is indistinctly revealed by seismic reflection.
(iv) The two reflectors PS3-low-seg and PS3-int-seg located on both sides of this big fault have been truncated on it (Fig. 8) .
(v) The events PS2-low-seg and PS2-upp-seg appear quite well continuously though the whole data set (yellow and orange lines in Fig. 4) . Thus, this is seismic evidence to connect the two reflectors (Fig. 8) . As the PS2-upp-seg corresponds to the main fault (GPK3-FZ4770), the reflector of PS2-low-seg has been truncated. By analogy, the surface corresponding to PS3-upp-seg is cut by the big fault (Fig. 8) .
The latitude in orientation considered for correlating a seismic reflector with a pre-existing object of the model depends on the confidence indices (Table 1) : a surface characterized by a low confidence ( * , e.g. PS6) has more latitude than a surface oriented with confidence ( * * * , PS2). After correlation, the resulting large surfaces joining several objects are represented to a reasonable extent regarding the data on which they are based and with respect to the well structural observations (Fig. 8) .
The reflector oriented from PS5 intersects GPK1 around 2140 m (Fig. 8) . The fault zones neighbouring this intersection are located at 2064 and 2088 m with different orientations from borehole imaging (respectively N039
• and N232
• E 67
• as dip direction and dip (Genter 1993) ). This misfit can be explained by (1) the uncertainties regarding the orientation computed by traveltime modelling (low confidence, see Table 1 , and strong sensitivity to the velocity model), and (2) the variable ability of borehole imaging to represent the orientation of a whole fracture zone from the orientation of individual small fractures: for example it is not reliable to distinguish the orientation of a fault zone from conjugated fracture sets developed at lower scale.
D I S C U S S I O N
Review of the traveltime modelling method
As mentioned earlier, if a P-S reflection occurs on a reflector not being intersected by the borehole, the depth of the imaginary intersection is computed by basic prolongation. This intersection depth is not precise, but it has only a very low influence on the calculated dip and dip direction values. Anyway, for each source, our seismic methods based on arrival time differences from the same seismic signals are quite robust, because the results are independent of any time filtering or deconvolution applied on the data.
The discrepancies between the observed and modelled traveltimes can be explained: (1) reflections are modelled on planar reflectors, whereas fault zones are known to exhibit dip, dip direction and thickness variations (Childs et al. 2009 ). For instance, the irregular shape of event PS1 could be explained by a difference in the direction of the downgoing incident P wave illuminating differently a structure of complex geometry. This interpretation is in accordance with Huygens' principle. (2) Two media of homogeneous velocities separated by a horizontal plane were considered in the computations (Fig. 7a) , whereas the actual velocity field is much more complex. Consequently, the differences regarding the ray paths and the arrival times cannot be perfectly corrected by a basic static correction. (3) The uncertainty of the borehole trajectory is estimated at some tens of metres by Gaucher (1998) .
A time delay observed between runs 1 and 2 is still unexplained, even in the acquisition report (Le Bégat et al. 1994) . As the slope of the time-depth curves of the P and S direct waves are similar between the runs (for P waves, see Fig. 4 ), the velocities of the waves in the granite are consistent throughout the survey. As variations of the velocities in the sediments along the same routes during the acquisition are difficult to explain, possible variations of acquisition parameters omitted in the field report have to be considered. Thus, static corrections introduced for each source do not only reflect heterogeneities of the velocity field of the Soultz-sous-Forêts area, but also acquisition variations.
The uncertainty regarding the orientation of the reflectors should not exceed ±30
• and ±5
• for dip direction and dip, respectively. The fractures oriented from cores and from borehole imagery are oriented with ±15
• uncertainties, respectively (Genter et al. 1997) . As the assessment of the orientation of a whole fault from small-scale individual fractures is, at best, unreliable, the results of the two methods likely occur in the same range of confidence. For example, Sausse et al. (2010) illustrated that the orientation of the fault GPK3-FZ4770 is given with minimal ranges of 10
• and 15
• regarding the dip direction and the dip values in the two wells intersecting the fault, respectively.
The larger the offset of a VSP source, the more different are the time-depth curves of reflections. Numerous far and close offset VSP of various azimuths are thus required to provide a good chance for illuminating the reflectors and constraining their orientation. For example, possible subvertical structures located in the vicinity of acquisition boreholes cannot be properly imaged with the 1993 data because of the poor surface coverage of the sources (Fig. 2a) . The low width values of the illuminated area of the reflectors (Table 1) illustrate the lack of profiles shot in a wide range of azimuth and offset values. Numerous sources recorded from different boreholes would allow an overlapping of the illuminated areas on a common reflector. In our study, events PS1 and PS4 are supposed to be linked to a same reflector only from considerations of similar orientations and alignment in space (Table 1 and Fig. 8) . Only an overlapping of the illuminated surfaces would definitely validate the assignment of the reflected events to a unique and continuous reflector. In addition to improvements of both the precision and illumination, numerous offset VSPs could provide enough data to attempt a tomographic imaging. Such a processing is restricted to direct arrivals; thus it can be considered as being independent of the secondary reflections used in our study. Thus, two complementary structural characterizations could be carried out with one data set.
3-D vector migration (rather than Kirchhoff migration, Fig. 6 ) of the data is a direct way to produce 3-D images. However, seismic energy is required on the horizontal components to perform such a development. In the absence of these signatures, traveltime modelling is time-consuming but remains robust. A comparison between the field records (Fig. 4 ) and 3-D full wave form modelling results would be useful to definitively validate the positions of the reflectors.
P and S direct waves recorded in the same VSP survey with S sources also exhibit obvious disturbances after pre-processing. After the processing sequence described earlier (Fig. 3) , the 3C reflected wavefield exhibits less clear reflected arrivals. Other signal processing should be envisaged for the exploitation of these S-wave records.
In Soultz-sous-Forêts, the first studies using such VSP data set were based on typical processing oriented towards reflection and anisotropy (Beauce et al. 1991; Le Bégat et al. 1994) . No clear delineation of individual faults has been produced. Our application of more recent and original isotropic processing, consisting mainly in wave field separation (Cosma et al. 2001; Martí et al. 2006; Emsley et al. 2007) , illustrates that reflections occurring on some discrete dipping faults may be detected and separated. Future efforts should be oriented to improve the duration of processing and interpretation sequence that is described here.
Improvements on the reservoir knowledge
The orientations of the VSP reflectors are represented in Fig. 9 . The strikes of the faults are very well gathered in four families around N026
• E, N057
• E, N120
• E and N167
• E. They are similar to the directions NNE-SSW (Rhenish), ENE-WSW (Erzgebirgian) and NW-SE that correspond to inherited Palaeozoic strikes in the area (Ziegler 1986; Chorowicz & Deffontaines 1993; Schumacher 2002; Édel et al. 2007; Édel & Schulmann 2009) (Fig. 1) . Major Tertiary normal faults such as those illustrated in Fig. 1(b) have submeridian strikes, NNE-SSW included (Sittler 1985; Villemin & Bergerat 1987 ). The Permo-carboniferous collapse of the Variscan orogen occurred contemporaneously with strike-slip deformations like NNE-SSW left-lateral strike-slip faults such as the Upper Rhine Shear Zone (Fig. 1) and ENE-WSW and NW-SE right-lateral strike-slip faults (Arthaud & Matte 1975; Ziegler 1986; Franke 2006; Édel et al. 2007 ). Thus, the ∼N026
• E and ∼N057
• E structures could have been activated in this period. Only a minor reactivation of these faults may be supposed in Liassic times, as this phenomenon has been reported in the southern Vosges (Édel et al. 2007) . Large-scale folding is also observed prior to the deposition of the Tertiary sediments, involving a system of ENE-WSW trending thresholds (Sittler 1985) . The main reactivation period of the Palaeozoic structures is related to the Oligocene rifting of the URG and its subsequent exposure to the Alpine push: as evidenced by the formation of subbasins individualized by transverse ENE-WSW thresholds, ENE-WSW structures acted as transfer zones to accommodate the N-S Eocene compression and the E-W Oligocene extension forming the submeridian normal faults (Villemin & Bergerat 1987; Brun et al. 1992; Chorowicz & Deffontaines 1993; Schumacher 2002; Michon & Sokoutis 2005) . On the contrary, Edel et al. (2007) argue that the wrenching and then transtension occurring on NE-SW faults in the same periods constitute the main reactivation processes controlling the formation of the URG. Whatever the contribution of each population, NE-SW, ENE-WSW and NW-SE structures experienced strike-slip movements from Eocene to Actual as shown by striated planes in the Rhine Graben (Villemin & Bergerat 1987; Genter 1990; Lopes Cardozo & Behrmann 2006) and in the Soultz-sous-Forêts basement (Dezayes 1995) . Significant vertical movements occurred mainly along ∼N-S to NE-SW normal faults, forming tilted blocks.
Within the Soultz-sous-Forêts basement, the N-S mean azimuth of fractures measured by borehole imaging and the thickest veins exhibiting N-S trend have been interpreted as the signatures of the Oligocene extension (Genter & Traineau 1996; Dezayes et al. 2010) . The VSP reflectors trending ∼N026
• E and ∼N167 • E could be related to these deformations as well. However, the volume in which all these structures occur is located within the Soultz-sousForêts Horst (Cautru 1989; Renard & Courrioux 1994; Sausse et al. 2010) . Only minor vertical offsets of the top of basement are observed , see right part of Fig. 1b) . Thus, the faults recognized within the basement cannot have accommodated large vertical movements. Mode I dominated opening of fractures can be envisaged, as well as strike-slip movements that could explain a flower-like structure expressed at the basis of the sedimentary cover east of the Soultz-sous-Forêts fault (Fig. 1b) .
The Miocene to Actual NW-SE Alpine push results in strike-slip movements along N-S faults in the URG, and transpressional movement along NNE-SSW structures (Lopes Cardozo & Behrmann 2006; Rotstein & Schaming 2008) . In the Soultz-sous-Forêts EGS, the maximal horizontal principal stress is oriented ∼N170
• E ± 15
• (Cornet et al. 2007; Valley 2007 ). In such conditions, the major fault GPK3-FZ4770 oriented N150
• E would act as a right-lateral strike-slip fault. If the reflectors PS3-int-seg and PS3-low-seg are supposed to be continuous prior to this Neogene strike-slip deformation, their right-lateral offset value attaining ∼100 m supports such expected movement along the GPK3-FZ4770 fault (Fig. 8) .
Microseismicity and drilling-induced tension fractures indicate that the maximal principal stress is almost horizontal at depth in the basement Valley 2007; Dorbath et al. 2010) . It becomes vertical in the upper part of the basement where the VSP reflectors are identified, the transition zone being located at about 3600-5000 m. In such conditions, the difference between the value of the vertical stress and the maximal horizontal stress is quite low (Evans 2005) . Fault throws showing both normal and strikeslip components are thus expected. The dip values of the planes investigated by VSP range between 51
• and 68
• (Table 1) , that could reflect partially normal movements. The ENE-WSW orientation of the minimum horizontal stress Valley 2007; Dorbath et al. 2010 ) is in favour of normal slip along submeridian structures. But such major structures lack within the tilted blocks and the Soultz-sous-Forêts Horst (Fig. 1b) . Some planes ∼N167
• E are activated, but other orientations are significantly recognized as well around the N026
• E and N120
• E directions (Fig. 9) . Thus, they probably represent the thickest and more mature structures occurring within the reservoir, due to their major role in the Variscan period and their further development by reactivations during the Tertiary episodes reported earlier (Eocene compression, Oligocene extension and subsequent strike-slip regimes, (Villemin & Bergerat 1987; Schumacher 2002; Édel et al. 2007) ) and currently activated in a very likely strike-slip regime. In the URG, the neotectonic activity of faults trending NE-SW, ENE-WSW and NW-SE is incidentally observed (Chorowicz & Deffontaines 1993; Lemeille et al. 1999) . All these orientations, as well as submeridian directions corresponding to Oligocene normal faulting, are recognized in the Soultz-sous-Forêts area by the analysis of satellite pictures, suggesting recent activity (Genter 1990; Valley 2007) .
The average dip value of the VSP reflectors is approx. 60
• (Table 1 ). This value is too high to reflect Variscan thrusts and ramps. Nevertheless, it could be associated to suture zones located to the South (Vittel-Baden-Baden fault zone) or to the North (Tepla suture, Fig. 1 ) that can exhibit highly dipping structures (Édel & Schulmann 2009 ). Their orientation is also suitable to locate the Tertiary strike-slip movements described earlier.
The particular seismic behaviour of the faults (P-S reflection) is linked to their inner properties, which have to be discussed.
The VSP data presented here were acquired in May 1993 prior to any stimulation of the acquisition depth intervals. The clearest P-S arrivals intersecting the P direct wave correspond to the faults encountered at 2860 and 3490 m in GPK1. These faults are responsible for the major natural flow anomalies of the open hole section (e.g. Evans et al. 2005a) . Less clear arrivals of P-S or P-P mode (GPK1-2960, GPK1-3090, GPK1-3325, EPS1-2070 and EPS1-2160) seem to be associated with fracture zones of weaker permeability (Genter et al. 1995; Evans et al. 2005a; Sausse & Genter 2005; Sausse et al. 2006) . Within the 2850-3400 m depth interval in GPK1, structures intersected around 2860, 2960 and 3090 m have shown displacement after stimulation by massive water injection (Cornet et al. 1997; Evans et al. 2005a) . Some of these low-permeability zones are highly fractured and altered, and secondary precipitations are found. Other altered and fractured levels are observed without flow anomaly (Sausse et al. 2006) . These observations indicate past fluid circulations and the present day closure of the connected porosity within the faults. In some cases, the present day filling-up of the fault might be local (at the borehole location) and permeability could perhaps be preserved away from the borehole (far-reaching in the whole fault). Only one structure responsible for flow anomaly and tectonic dislocation located at about 3220 m in GPK1 (Cornet et al. 1997; Sausse & Genter 2005) is not detected on the processed VSP data (Fig. 4) .
According to the VSP results and borehole data (see references cited earlier), the faults intersected at 2860 m (PS1), 3490 m (PS2) in GPK1 and at 3514 m (PS3-int-seg) in GPK2 are major faults. They locate major fluid circulations (Tenzer et al. 1999; Aquilina et al. 2004; Sausse & Genter 2005) . The reflector producing the arrival PS3-upp-seg could be of similar importance. The mean horizontal spacing of these faults is about 450 m (Fig. 8) . This system is considered to be cut by the large fault GPK3-FZ4770 m presenting 3000 m of extension from its intersection with GPK3 and the reflector PS6 (Sausse et al. (2010) , and this study). 3-D fluid flow modelling shows that a mainly ∼N-S trending fracture population cannot explain the observed hydraulic behaviour of the reservoir (Gentier et al. 2010) . NE-SW and NW-SE striking sets play an important role in fluid transfers. VSP and modelling results are thus in agreement.
To summarize, the strongest VSP reflections (PS1, PS2, PS3 and PS6) correspond to the highest flow anomalies-if intersected by the well-, or to the structures that seem to have the greatest extents (GPK3-FZ4770) (Fig. 8) . These results show that major flow anomalies and interwell hydraulic connections are concentrated by these main faults occurring with a spacing of some hundreds of metres. These faults form structural blocks with flowing borders. Inside these blocks, the structures (GPK1-2960, GPK1-3090, GPK1-3325, EPS1-2070 and EPS1-2160) seem to make a less important contribution to fluid transfer (Genter et al. 1995; Sausse et al. 2006) . Thus, a good correlation is observed between the P-S reflectivity of a fault and its potential hydraulic and tectonic activity. The elastic response of a fault seems to be strongly related to its porosity network and fluid conditions, that could imply in some cases a mechanical defect (Schoenberg 1980; Jones & Nur 1984; Lüschen et al. 1993; Carr et al. 1996; Harjes et al. 1997; Harjes et al. 1998; Smithson et al. 2000; Rabbel et al. 2004) , although this phenomenon has never been satisfactorily explained by theoretical work. In addition to the fluid content, the anisotropy induced by the fractures in the damage zones of the faults could be of importance in the reflection coefficients (see among others Zillmer et al. 1997) . Some computations have been carried out by Behura & Tsvankin (2006) and Cai & Chen (2009) showing in a simple case study that the P-S reflection coefficient may attain a value of ∼0.065 for a incidence value of 60
• . Nevertheless, no value is computed regarding the P-P reflection coefficient. Thus, it cannot be compared to those from P-S, that could, however, help explaining the surprising absence of P-P reflection in the present data set.
VSP and microseismic results provide structural data at the reservoir scale. They represent valuable data to resolve some hydraulic relationships between the boreholes evidenced by tracer tests (Sausse et al. (2010) and this paper). Our study benefited from microseismic clouds to attribute some reflections (PS2-upp-seg and PS6) to the GPK3-FZ4770 with confidence. However, seismic activity is undesirable regarding public acceptance (Gérard et al. 2006; Petty et al. 2009 ). Thus, a VSP survey carried out with several acquisition boreholes and a larger number of sources than in 1993 may represent a reliable way to investigate a fractured reservoir with controlled and very low environmental risks.
C O N C L U S I O N
A full sequence of processing, analysing and interpreting VSP data recorded in a granitic basement is illustrated, where conventional seismic reflection has not imaged any structure. High-quality 3C data presenting a high signal/noise ratio obtained after isotropic processing allow clear P-S reflections to be identified. Reflections are found to occur on faults developed at the reservoir scale showing flow anomalies at well intersections. Their 3-D mapping in the existing reservoir model allowed some useful comparisons with other data, especially microseismic clouds providing also some structural information at the same scale range. This shows that the basement is cut in several hectometer-scale blocks by faults. Major flow paths occur within these faults very probably inherited from Variscan and Tertiary times reactivated due to the maximal stress oriented vertically in the studied area. The structural results are in accordance with previous studies of the hydraulic behaviour of the fractures intersected in GPK1 and EPS1. In particular, the good hydraulic connections between GPK1, GPK2 and GPK3 are explained by the occurrence of a fault extending over 4 km (GPK3-FZ4770), although this structure is weakly expressed in the sedimentary cover.
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R E F E R E N C E S
PS1 * *
Its time-depth curve is linear on all the records except on offset A3 run 1 where it looks hyperbolic (Fig. 4) . Only the run 2 has been used.
PS2 (lower and upper segments * * * )
Modelling is very efficient in reproducing the observed traveltimes. This allows us to be very confident in the results (Fig. 7) , even if the number of traces is restricted regarding the PS2-lower segment (Fig. 4) .
PS3 (
The traveltimes observed from source B are systematically in disagreement with the modelled traveltimes. Several slightly different time picking data sets were no more successful. Thus, the data from source B are not taken into account, and results are produced from three sources only.
General comments on PS4 ( * * ), PS5 ( * ) and PS6 ( * )
Only three profiles acquired from two source positions are available in the EPS1 well (Fig. 4) , thus the results have to be considered with caution.
PS4 ( * * )
Even if the modelled traveltimes satisfactorily match the observations, caution is necessary because of the restricted number of sources provoking this reflection.
PS5 ( * )
Results from average and variance of the residuals do not show a coherency as clear as concerning the other arrivals.
PS6 ( * )
Although a large number of clear traces is available (Fig. 4) , the orientation implying the lowest residual is not well defined. As shown in Fig. A1 , the minimum curves are close enough to each other so that their intersections are unclear and not single. Two orientations represented by green zones in Fig. A1 roughly reproduce the observed time-depth curves.
EPS1-2160
This arrival appears only on the horizontal north component of the VSP shot from D1 (Fig. 4) . Three possibilities have to be considered to produce a signal only on horizontal components ( Fig. A2 ): (i) a P wave reflected by a moderately dipping interface may propagate horizontally (Fig. A2a) , (ii) a direct downgoing S wave produced by a source close to a zero offset position (Fig. A2b) and (iii) an S wave reflected by a subhorizontal interface (Fig. A2c) . The event EPS1-2160 arrives too early and presents a negative apparent velocity that is rejected in the case of Fig. A2b . A P-P reflection on a dipping structure (Fig. A2a) would present a time-depth curve close to the P direct arrival, which is not observed. On the one hand, the event EPS1-2160 is partially blended with the P direct arrival, and on the other hand the absolute value of its apparent velocity is lower that the velocity of the direct P wave. Only a P-S reflection on a subhorizontal reflector could explain both the polarity and the time-depth curve of the arrival EPS1-2160 (Fig. A2c) . Modelling is not able to provide definite values of dip and dip directions because the event is observed on only one VSP. The result is a domain of possible orientations (Fig. A3) ; values of dip direction between 330
• and 150
• are inferred for a gently dipping reflector. The N-S polarization of the wave (Fig. 4) is not sufficiently reliable to derive the strike of the reflector, as the understanding of elastic processes occurring in a P-S reflection at almost normal incidence is incomplete. Fracture surveying provided different results regarding the orientation of the fracture (N278
• E 53
• and N285
• E 37 • , respectively after Dezayes et al. 2010 and Genter et al. 1995) . The latter value is in accordance with the results derived by VSP, both in azimuth and dip. Nevertheless, this does not mean that the structure detected by VSP and the structure imaged at the borehole wall scale are the exactly the same.
EPS1-2070
Only the vertical component of VSP acquired from D1 exhibits an event at 2070 m in EPS1 (Fig. 4) . Such a signal may be generated either by a P wave reflected by a horizontal interface, either by a P-S conversion on a dipping reflector (Fig. 5) . The time-depth curve of the event is not a 'mirror' of the P direct wave, thus the absolute apparent velocity values of the two events are different. The only case that has to be considered is the P-S reflection. As a conse- quence, the minimum curves of average and variance produced by modelling have to be considered for high dip values (Fig. A4) .
Other sources of structural information have to be taken into account to constrain the orientations. Because no coherent signal is detected on the other horizontal components, the azimuth of polarization cannot be used. Three main structures oriented N248
• E 61
• , N295
• E 18
• and N263
• E 38
• (Genter 1993) have been identified by borehole imaging. Only the first one is consistent with the curves in Fig. A4 and could correspond to the mean orientation of the fracture zone. Once again, it has to be mentioned that a single fracture identified by imagery is probably not perfectly representative of the orientation of a whole reflecting structure.
GPK1-2960 ( * )
Polarization analysis indicates that this arrival is polarized along the N045
• E strike value, almost in a horizontal plane. Thus, this event is attributed to a P-P reflection according to the statements related to Fig. 5 . Traveltime modelling from the two horizontal components of VSP B2 results in rather consistent minimum curves (Fig. A5) . These curves have to be considered both at rather high dip value to ensure the almost horizontal polarization of the P reflected wave and at dip directions of N045
• E and N225
• E. Only the N045
• E dip direction value may be regarded as a solution, inferring a dip value of 51
• . Fractures identified by imaging logs are oriented around the N265
• E 85
• mean value (Gentier et al. 2002) , which is not consistent with the VSP results. This exemplifies again the discrepancy occurring between the orientation of a fault and the orientation of small-scale fractures.
GPK1-3090 ( * )
This arrival appearing on the vertical component (Fig. 4) is interpreted as a P-S reflection. A method similar to which has been applied to GPK1-2960 is also used in the present case: weak but distinguishable signals on the horizontal components combined to traveltime modelling allow us to derive low-confidence parameters for orientation (Table 1) .
GPK1-3325 ( * )
The event is recorded on VSPs A3 run 1, C3 run 2 and D1 run 4 with very different time-depth curves, and both on vertical and horizontal components (Fig. 4) . Modelling produces not very coherent results; however, results produced in the case of P-P reflections are better than the P-S case. Two different reflectors could explain the observed likely P-P arrivals with the same restricted quality (Table 1) . Borehole imaging provides a value of N274
• E 83
• for a major fracture intersected by the well at this depth level (Gentier et al. 2002) . If a coherency of orientation is assumed between this kind of fracture and the fracture zone as a whole, the value N260
• E 63
• derived from VSP should be preferred. In any case, the occurrence of energy both on vertical and horizontal components with a high discrepancy regarding their time-depth curves could be the signature of several arrivals (P-P and P-S) and justifies our special caution in discussing the results.
